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SUBSONIC WIND-TUNNEL TESTS OF A TRAILING-CONE DEVICE
FOR CALIBRATING AIRCRAFT STATIC-PRESSURE SYSTEMS

By Frank L. Jordan, Jr., and Virgil S. Ritchie
Langley Research Center

SUMMARY

A trailing-cone device for calibrating aircraft static-pressure systems was inves-
tigated by means of limited aerodynamic tests in a transonic wind tunnel., The tests were
conducted at Mach numbers from 0.30 to 0.95 with Reynolds numbers from 3.0 X 106 to
13.4 % 106 per meter (0.9 x 106 to 4.1 % 106 per foot).

The principal objective of the tests was to investigate the pressure-sensing charac-
teristics of the trailing-cone device with pressure-tube orifices at several locations
ahead of the cone and including (for a near-optimum location of tube orifices) the inter-
ference of a tube-protection skid. Related measurements of secondary interest included
the drag of the entire trailing-cone system as well as momentary inclinations and verti-
cal locations of the pressure tube of the device. |

Test results indicated that differences between trailing-cone and free-stream static
pressures varied consistently with distance between the tube orifices and the cone, as
expected, but that these differences were generally small. A trailing-cone configuration
with a tube-protection skid and with tube drifices located 5 cone diameters ahead of the
cone vertex indicated pressures which were less than free-stream static pressure by '
about 0.016 percent and 0.063 percent at Mach numbers of 0.30 and 0.95, respectively.
These small static-pressure differences were about 0.25 percent and 0.08 percent of“
the impact pressure and corresponded to Mach number differences of less than 0.0004
and 0.0006 at Mach numbers of 0.30 and 0.95, respectively.

Differences between device-indicated and free-stream static pressures were not
greatly influenced by a protection skid at the downstream end of the pressure tube of the
device nor by a 2-to-1 change in test Reynolds number.

INTRODUCTION
Flight calibration of the static-pressure systems of aircraft is essential to the

accurate determination of airspeed, altitude, and Mach number. Such calibration involves
precise resolution of the difference between the pressure indicated by the static system of



the aircraft and the true ambient pressure. The determination of this pressure differ-
ence (generally known as static-system position error) throughout the aircraft flight
envelope can be complicated, time consuming, and expensive.

Various methods are available for obtaining in-flight calibrations. (See refs. 1
to 3.) One method involves the use of a trailing static-pressure device. Such devices
are trailed from the test aircraft at a sufficient distance to minimize the effects of the
aircraft disturbance field. A differential-pressure gage is used to directly measure the
difference between pressures sensed by the trailing static device and the aircraft static
system. Early trailing static devices required calibration, however, and were aerody-
namically unstable at transonic speeds (ref. 4).

A more recent trailing static-pressure device, which utilizes the drag of a perfo-
rated cone for improved aerodynamic stability (refs. 5 to 13), eliminates the problems
associated with earlier trailing static devices. The trailing-cone system consists of a
light fiber-glass cone towed behind the test aircraft; this system utilizes a relatively
long tube incorporating static-pressure orifices located an appropriate distance ahead
of the cone.

Most trailing-cone investigations (refs. 5 to 12) indicate that properly designed
devices are aerodynamically stable over a wide range of flight conditions and are capa-
ble of indicating pressures very near free-stream static (ambient) pressure. The
trailing-cone technique, therefore, is viewed as a method for quick and economical cal-
ibration of aircraft static-pressure systems and has been recommended for further use
(refs. 8, 9, 10, and 12). |

The purpose of this report is to present the results of limited subsonic wind-tunnel
tests of a trailing-cone device. The tests were conducted primarily to determine the
pressure-sensing characteristics of the device in connection with an evaluation of the
trailing-cone technique. The trailing cone used for the present tests was supplied by the
Federal Aviation Administration (FAA). This device differs in some respects from
trailing-cone systems currently in use (ref. 11).

SYMBOLS

Test-related quantities are given in both SI and U.S. Customary Units; the latter
units were used for measurements and calculations.

A area of trailing-cone base, 126.68 cm2 (19.63 in2)
Cp total drag coefficient, .1(21.1%%
o0



ac

Ao

specific heat at constant pressure
specific heat at constant volume
base diameter of trailing cone, 12.70 cm (5.00 in.)

pressure altitude (for standard atmospheric conditions) corresponding to
free-stream static pressure, m (ft)

pressure-altitude error (for standard atmospheric conditions), m  (ft)
free-stream Mach number

Mach number error corresponding to static-pressure error

static pressure, N/m2 (lb/ft2)

total pressure, N/m2 (atm)

free-stream static pressure, N/m2 (lb/ft2)

free-strgam impact pressure, p, - P, N/m2 (Ib/ft2)

free-stream dynamic pressure, zzl-pooMoo, N/m2 (Ib/ft2)

Reynolds number per meter (per foot)

axial distance between center of pressure-tube orifices and apex of
trailing cone, cm (in.)

vertical distance between tube pressure orifices and test-section center line .
(negative values denote tube locations below center line), m (in.)

angle of attack of static-pressure tube, deg

ratio of specific heats, cp/cy = 1.400



APPARATUS AND TESTS

Trailing-Cone Device

Principal details of the trailing-cone device and its components are shown in fig-
ure 1. These include assembly views of the device without and with a skid for protecting
the device pressure tube (fig. 1(a)), details of the cone and pressure tube (fig. 1(b)), and
details of the tube-protection skid (fig. 1(c)). The cone is a lightweight shell constructed
of fiber glass (figs. 1(a) and 1(b)); it has a base diameter of 12.70 cm (5.00 in.) and an
included angle of about 32°. Twelve holes, each 2.54 cm (1.0 in.) in diameter, are
located in the surface of the cone as shown in figure 1(b).

For flight and wind-tunnel tests, the cone is trailed at the end of 0.635-cm-diameter
(0.250-in.) nylon pressure tubing containing a high-strength steel wire to support drag
loads. The steel wire is attached to pressure unions at both ends of the nylon tubing, At
the cone the union is retained by a conical nylon bushing within the apex portion of the
fiber-glass cone (fig. 1(b)); the nylon bushing contains a steel bearing insert which per-
mits rotation of the cone independent of the nylon tubing and wire.

At a suitable location ahead of the cone, a stainless-steel pressure-sensing tube
50.80 cm (20.00 in.) long (fig. 1(b)) is inserted as a part of the pressure-tubing system.
The outside diameter of the steel tube is 0.729 cm (0.287 in.), and that for the nylon
tubing is 0.635 cm (0.250 in.). The steel pressure tube contains 48 individual orifices
of 0.0635-cm (0.025-in.) diameter arranged in four rings located 1.27 cm (0.50 in.)
apart; the 12 orifices in each ring are circumferentially spaced 300 apart. All orifices
open into a common averaging chamber inside the pressure tube.

Tube-Protection Skid

Figure 1(c) shows details of an NASA designed wire skid for protecting the steel
pressure tube from possible damage when the trailing-cone system is dragged on runway
surfaces during take-off and after landing operations. This tube-protection skid attaches
to the downstream end of the pressure tube (figs. 1(a) and 1(c)). The skid is constructed
of 0.318-cm-diameter (0.125-in.) stainless-steel wires silver-soldered to a short length
of stainless-steel tubing having an outside diameter of 0.729 cm (0.287 in.).

Test Arrangements

The several trailing-cone configurations tested are illustrated in figure 2. The
axial distances between the pressure-tube 6riﬁces and the cone apex for the test config-
urations are given in terms of cone base diameters and in centimeters (inches). Only
the test configuration with orifices located 5 cone diameters ahead of the apex of the cone
employed the tube-protection wire skid, as shown,
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Principal details of the test arrangement in the wind tunnel are shown in figure 3.
The cone was tested at the downstream ends of tubing-wire systems about 23.5 to
24.4 meters (77 to 80 ft) long. The upstream ends of the tubing-wire systems were
fastened to an axial-force balance secured to the guide vanes in the tunnel low-speed
section, A T-union was inserted into the nylon tubing at the balance-tubing juncture for
ducting the device-sensed pressures to the measurement transducer.

Thin, cable-supported rings employed for centering the tubing at two locations
upstream of the test section are illustrated in figure 3. The diameter of the upstream
centering ring (in the low-speed section) was 15.24 cm (6.0 in.); the diameter of the
centering ring located about 6.0 meters (19.8 ft) ahead of the pressure-sensing tube
was 2.54 cm (1.0 in.).

Wind Tunnel and Test Conditions

The present tests were conducted in the Langley 8-foot transonic pressure tunnel
(ref. 14). This single-return tunnel has a rectangular test section with slotted top and
bottom walls to permit continuous operation through the transonic speed range. The
cross-sectional area of the test region is approximately 4.65 meters2 (50 ftz). Tunnel
controls allow for the independent variation of Mach number, pressure, temperature,
and specific humidity.

Tests were conducted at Mach numbers from 0.30 to 0.95 at tunnel total pressures
of 101325 and 50662 N/ m2 (1.0 and 0.5 atm). Test Reynolds numbers and simulated
pressure altitudes are shown in figure 4. The total temperature of the tunnel air was
automatically controlled at approximately 322 K (120° F). Dewpoints were maintained
near 250 K (-10° F) during the tests to minimize the possibility of humidity effects.

Observations, Measurements, and Accuracy

Visual observations of the trailing-cone systems were made during tests, and
schlieren photographs were obtained to record momentary inclinations (angles of attack)
and vertical locations of the static-pressure tube. The accuracies of the pressure-tube
inclinations and vertical locations, measured from the schlieren photographs, are esti-
mated to be about 0.3° and 2.54 cm (1.0 in.), respectively.

An axial-force balance having a range of 444.8 N (100 Ib) was used to measure
drag loads of the trailing-cone systems. The estimated accuracy of this balance was
about 4.45 N (1.0 Ib). Free-stream dynamic pressure at the pressure-tube location,
instead of that at the cone location, was used for reducing the data to coefficient form.
A differential-pressure transducer was used to measure differences between the pres-
sure indicated by the trailing-cone system and the tunnel reference static pressure.
This transducer had a range of 3.45 kN/m2 (0.5 1b/in2) and an estimated accuracy of



0.5 percent of the full range. Tunnel reference static and total pressures were measured
by absolute manometers having accuracies of about 19 N/m2 (0.4 lb/ft2).

Estimated possible inaccuracies in pressure measurements at a total pressure of
1.0 atm could produce static-pressure errors as large as 0.51 percent and 0.03 percent
of the impact pressure at the limiting Mach numbers of 0.30 and 0.95, respectively; such
estimated inaccuracies do not include possible small uncertainties in tunnel calibration.
These possible static-pressure errors correspond to altitude uncertainties of about
3 meters (10 ft) or less, at the simulated pressure altitudes, for standard atmospheric
conditions. Possible errors in pressure measurements at a tunnel total pressure of 0.5
atm could permit pressure-coefficient and pressure-altitude uncertainties about twice as
large as those at a total pressure of 1.0 atm.

RESULTS AND DISCUSSION

General Behavior and Oscillation of Trailing-Cone Device

Visual observations of the general behavior of the trailing cone during the tests
revealed that the cone lifted off the test-section floor at Mach numbers near 0.2 and
gradually approached the test-section center line as Mach number and dynamic pressure
were increased. The cone and the pressure tube were observed to oscillate in a manner
which appeared to be random. Specific reasons for the cone and tube oscillations are not
known, but the oscillations may have been related to tunnel turbulence (including possible
flow disturbances from the nearest upstream tube-centering ring) and other factors
including possible instability of the cone tubing system.

Vertical Location and Inclination of Pressure Tube

Pressure-tube vertical locations.- Figure 5 shows pressure-tube momentary loca-
tions (from numerous schlieren-photograph measurements), which generally corrobo-
rate the previously described visual observations of pressure-tube oscillation during
wind-tunnel tests. These data reveal pressure-tube vertical excursions as large as
+0.1 meter (+4.0 in.) at Mach numbers from 0.60 to 0.95. The data include only the
several momentary tube locations measured over test periods of a few minutes duration,
however, and are not intended to define the maximum amplitude of tube oscillation.

The faired lines in figure 5 are intended to show only general trends of tube loca-
tion for the test conditions. The data show that for a total pressure of 1.0 atm, tube
locations varied from about 0.44 to 0.06 meter (17.3 to 2.4 in.) below the test-section
center line at Mach numbers of 0.30 and 0.95, respectively. The data also indicate that
for a total pressure of 0.5 atm, at the higher test Mach numbers, the pressure-tube loca-
tion below the test-section center line is about twice that for a total pressure of 1.0 atm.



Pressure-tube inclinations.- Figure 6 shows pressure-tube momentary angles of
attack indicated by numerous schlieren-photograph measurements. The pressure-tube
angle of attack varied from about 3.5° at a Mach number of 0.30 (at a total pressure of
1.0 atm) to approximately 0° at Mach numbers from about 0.60 to 0.95. Indicated angle-
of-attack variations of as much as £0.5° at some test Mach numbers are believed to
result partly from measurement inaccuracies and partly from momentary tube inclina-
tion changes induced by cone motions. Schlieren photographs indicated momentary
bending of the nylon tubing between the pressure tube and the cone.

Pressure-Sensing Characteristics of Trailing-Cone Device

Differences between pressures indicated by the tested trailing-cone device and
free-stream static pressure are presented in figures 7 to 9. The variation of pressure

differences |{in the coefficient forms E—é—gﬁ and P 1; Poo with Mach number is shown
C o0
in figures 7 and 8; these figures include lines for interpreting the pressure differences
in terms of corresponding differences in Mach number and pressure altitude (standard
p-p
Qe
the apex of the perforated cone and the pressure-tube orifices. This figure includes
lines indicating the estimated limits of data scatter due to possible errors in pressure
measurement; these estimates do not include possible additional scatter related to

small uncertainty in the tunnel calibration.

with distance between

atmospheric conditions). Figure 9 shows the variation of

The data in figures 7 to 9 reveal that the pressures indicated by all the tested
trailing-cone configurations are generally near the free-stream static pressure; the
maximum differences between trailing-cone and free-stream Mach numbers did not
exceed about 0.003. The data in figures 7 to 9 also indicate an expected trend in which
the trailing-cone pressures increased slightly but consistently as the distance between
the pressure-tube orifices and the apex of the cone was decreased from 10 to 4 cone
diameters. The data indicate that at the higher test Mach numbers, the trailing-cone
pressures were larger than free-stream values when pressure orifices were located
only 4 cone diameters ahead of the apex of the cone (fig. 9); such pressure differences
could be expected to become even larger at higher subsonic speeds.

Differences between trailing-cone and free-stream Mach numbers were very small
for test configurations having pressure orifices located ahead of the apex of the cone by
5 and 6 cone diameters. The configuration for x/D =5 (with tube-protection skid
attached) indicated pressures which were less than free-stream static pressure by
amounts varying from 0.25 percent to 0.08 percent of the impact pressure (fig. 7(a)), or
from 0.016 percent to 0.063 percent of the static pressure (fig. 7(b)), at Mach numbers
of 0.30 and 0.95, respectively. These small pressure differences correspond to Mach



number differences of less than 0.0004 and 0.0006 at Mach numbers of 0.30 and 0.95,
respectively, and to pressure-altitude differences near 3 meters (10 ft).

_ The present data reveal an apparent tendency for the trailing-cone device to indi-
cate pressures slightly less than free-stream static pressure when pressure-tube ori-
fices were located ahead of the apex of the cone by 5 or more cone diameters. This may
be related to possible effects of observed pressure-tube inclinations and oscillations as
well as to possible tunnel calibration uncertainties. Estimates based on data reported in
reference 15 indicate that effects of tube inclinations of about 3.5° at M, = 0.30 and

q
0.0022 and 0.0005, respectively. Such effects of tube inclination are sufficient to account

for a large portion of the indicated low trailing-cone pressures except for some data
points for the x/D = 10 configuration at test Mach numbers near 0.90 and 0.95. (See
fig. 7.) These latter pressure differences are believed to be considerably larger than
combined effects of tube inclination and possible tunnel calibration uncertainties.

2 values of about

0.5° at M, = 0.95 can reduce tube-indicated pressures by

Comparison of data from tests of trailing-cone configurations with x/D =4 and
x/D =6 at a total pressure of 1.0 atm (fig. 7) with data from tests at a total pressure
of 0.5 atm (fig. 8) indicates that the pressure-sensing characteristics of the trailing-cone
device were not changed greatly by a 2-to-1 variation of the test Reynolds number.

The present data for the tested trailing-cone configurations generally indicate that
such devices are capable of sensing pressures very near the free-stream static pressure
at subsonic speeds if pressure-tube orifices are located about 5 to 6 cone diameters
ahead of the apex of the cone. Pressure-sensing characteristics superior to those pres-
ently reported may possibly be afforded by trailing-cone devices incorporating various
system improvements, such as increased cone diameter. However, realization of the
full pressure-sensing accuracy of such devices during flight applications necessitates
proper installation of the device and trailing it sufficiently far behind the aircraft where
the disturbance-field pressure is essentially the same as ambient pressure. Established
procedures for trailing-cone applications are described in reference 11.

Drag Characteristics

Drag characteristics of the tested trailing-cone configurations are presented in
figure 10. Although the drag coefficients shown were based on free-stream conditions,
the usefulness of the data is limited to some extent because only the downstream portion
(including cone and pressure tube) of the entire trailing-cone system was located in the
test section of the wind tunnel. However, this limitation should not apply to the indicated
drag increment produced by the tube-production skid.



CONCLUSIONS

Aerodynamic tests of a trailing-cone device in the Langley 8-foot transonic pressure
‘tunnel at Mach numbers from 0.30 to 0.95 with Reynolds numbers up to 13.4 X 106 per
meter (4.1 X 106 per foot) yielded the following pressure-sensing characteristics appli-
cable for the test conditions:

1. The pressure indicated by the tested device increased slightly but consistently as
the distance between the trailing cone and the pressure-tube orifices was decreased from
10 to 4 cone diameters.

2. A test configuration with tube orifices located 5 cone diameters ahead of the cone
and with a tube-protection skid indicated pressures less than free-stream static pressure
by about 0.016 percent and 0.063 percent of the static pressure, or by about 0.25 percent
and 0.08 percent of the impact pressure, at Mach numbers of 0.30 and 0.95, respectively.
These small pressure differences corresponded to Mach number differences of less than
0.0004 and 0.0006 at Mach numbers of 0.30 and 0.95, respectively.

3. An apparent tendency for the tested device to indicate pressures slightly less than
free-stream static pressure when pressure-tube orifices were located ahead of the cone
by 5 or more cone diameters may have been related to effects of observed tube inclina-
tions and oscillations as well as to possible small tunnel calibration uncertainties.

4, The pressure-sensing characteristics of the t{railing-cone device were not greatly
influenced by a 2-to-1 change in test Reynolds numbers.

5. A protection skid at the downstream end of the pressure tube of the device pro-
duced an increment in the drag of the entire system, but it did not greatly affect the
pressure-sensing characteristics of the device.

Langley Research Center,
National Aeronautics and Space Administration,
Hampton, Va., March 16, 1973.
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Pressure tube

Nylon tubing -Nylon tubing
/Trailing cone
[=]
0_0
127.0
{50.0)
x/D =10
020
76.2
{(30.0)
xD=6

Tube-protection skid

(=4
[oJe]
63.5 ‘
(25.0) I
x/D=5
X
s 1
0,0 D
I S
50.8
(20.0)
D=4

Figure 2.- Trailing-cone configurations tested. Dimensions are in centimeters (inches).
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Figure 4.- Variation of test Reynolds number and simulated pressure altitude
with Mach number.
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Figure 4.- Concluded.
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Figure 5.- Deviations of pressure-tube locations from test-section center line.
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(a) Error expressed in terms of impact pressure and corresponding changes
in pressure altitude.

Figure 7.- Static-pressure error indicated by trailing-cone device during subsonic tests
‘ at a total pressure of 1.0 atm,

21 -



O Test-indicated error

AM

ot
-01 — 003

J NURJUUNIEE T WWWRp Jrcveepiae IR M

0 e e 5 O === =g _()___()_;xx.:tj___

-.01
.01

Pt

il Gl mliely? SR RSN 7 S ST _&;T'

0 =0T T T T T oY T o T Y T

x/D=6

P N el o

0 e (e = Ay B G e -

x/D=5(with skid)

-.01
.01

0 G s :.@::::7;::: e ke s e .T:@"_ _:_’9’

-.01 :
.2 .3 .4 .5 .6 T .8 .9 1.
Mo

(b) Error expressed in terms of free-stream static pressure and corresponding
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Figure 8.- Static-pressure error indicated by trailing-cone device during subsonic
tests at total pressure of 0.5 atm. (Error is expressed in terms of impact and
free-stream static pressures as well as corresponding changes in pressure
altitude and Mach number.)



Pt

N/m?2 g’cg
Test-indicated error .01 50 662 *
O  Without skid Mz0.70
o With skid o
— —~ — — Estimated possihle error Pe L
in measurements 9 ———3
Pt Pt .
N/m2 atm N/m2 atm ~-01
01 101 325 1.0 101 325 1.0
) " Meo=0.30 Moo=0. 40 Mez0,75
0 )\\\‘"‘*~~-___ &~ 1 L
P~ e N R i e N e e
P = = P O —
S E S
.01
Mw20.50 Ms=0.60 Mw=0.80
S e = N
e T e I == =0 =
P-Pe --01
de .01
Meo=0.70 Meo=0.75 Mw=0,.85
0 Bl & 1 S ] Rt
i S EEs S S S A G S - T TN, I ==
-.01.
.01
Mo=0.80 Meo20.85 Me=0.90
0 Bz O, F:Y éﬁ:\::\:ﬂ
B e o S N Rl aa
-.01
.01
Mm:Oqgo MQ:OOQS Mm=0.95
0‘ SR &\-. E&:\\\(\
. 5%\ -y = =%
: T T e e v
-.01
4 6 8 10 4 6 8 10 4 6 8 10
‘ x/D

Figure 9.- Variation of static-pressure error for the trailing-cone device with changes
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in the distance between the pressure orifices and the cone.
of impact pressure at total pressures of 1.0 and 0.5 atm.)

(Error is given in terms
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